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LED Selection and Orientation and Power
Adaptation for Visible Light Positioning Systems
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Abstract—We investigate a visible light positioning (VLP)
system in which a number of light emitting diode (LED)
transmitters emit signals over a certain number of time intervals
for localizing a visible light communication (VLC) receiver.
We formulate the problem of LED selection and orientation
adaptation, with the aim of optimally determining the LED
transmitter and its orientation vector to be employed in each time
interval for minimizing the average Cramér-Rao lower bound
(CRLB) on position estimation. Due to the complexity of the
proposed problem, we take a discretization approach in which
the orientation vector of each LED transmitter is confined to a
finite set as in digital implementations. Then, we obtain a convex
problem via relaxation and propose a solution approach based
on the relaxed solution and a swap algorithm. We also formulate
the problem of joint LED selection, orientation adaptation, and
power allocation. For this problem, we extend the discretization
approach by generating a power vector corresponding to each
LED orientation. Then, we develop a new formulation over all the
design parameters via relaxation, and propose a low-complexity
algorithm using that formulation and a swap algorithm. We
present numerical examples to illustrate the effectiveness of the
proposed approaches. In particular, it is shown that, in some
cases, instead of employing multiple LEDs over a number of time
intervals, using the same LED with different orientations can be
more desirable for accurate localization. Moreover, the proposed
joint optimization approach can notably reduce the average
CRLB compared to the uniform power allocation approach.

Index Terms—Light emitting diode, visible light positioning,
estimation, Cramér-Rao lower bound.

I. INTRODUCTION

ISIBLE light communication (VLC) is considered to be

one of the key technologies for 6G wireless networks
[2], [3]. In addition to providing high speed data transmis-
sion, visible light systems can also provide accurate position
information based on low-cost received power measurements,
making them well-suited for indoor localization applications
[4], [5]. Unlike radio frequency (RF) based localization sys-
tems, visible light positioning (VLP) systems do not suffer
from bandwidth limitations and interference from RF commu-
nications. Hence, they provide an effective alternative to RF
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based systems in various indoor localization scenarios by uti-
lizing existing infrastructures with low additional costs [4], [6].

In the literature, a multitude of position estimation algo-
rithms are proposed for VLP systems based on various
parameter types such as received signal strength (RSS) [7],
[8], [9], [10], [11], [12], time of arrival (TOA) [13], [14],
angle of arrival (AOA) [15], [16], and time-difference-of-
arrival (TDOA) [17]. In addition, combinations of multiple
parameters are also analyzed [18], [19], [20]. In [20], both
the RSS and AOA parameters are utilized in a multiple-input
single-output system for three-dimensional (3D) localization
and the Cramér-Rao lower bound (CRLB) is derived using
the RSS information. In practical systems, RSS measurements
are widely used in designs of VLP systems as they facilitate
cost-effective hardware implementation accompanied with suf-
ficiently high accuracy [4], [6]. Therefore, RSS based VLP is
preferable over TOA based approaches to avoid synchroniza-
tion and time delay estimation complexity [8]. Learning-based
methods are also employed for VLP systems as in [21], [22],
[23], [24], and [25]. Common VLP systems in the literature
use fixed LED orientations during the localization process.
However, with the advancement of technology, it is possible
to mechanically adapt the orientation of an LED transmitter or
to use an intelligent reflecting surface (IRS) at the transmitter
to effectively steer the beam [26]. In [27], it is noted that
the use of one LED transmitter with different orientations can
lead to accurate positioning. In [28], an RSS based system
with multiple LEDs located at a fixed point with different
orientations is used for 3D localization of a VLC receiver.
In [29], the authors introduce a movable access point (AP)
aided architecture for integrated visible-light communication
and sensing (IVLCS), by allowing LED APs to reposition
dynamically, effectively addressing the LED placement prob-
lem through selection of optimal AP locations. However, that
work assumes fixed LED orientations, and restricts each LED
to a single activation at its assigned position, leaving the
potential gains from adaptive orientation control and multiple
usage of LEDs unexplored. In [30], orientation vectors of
LED transmitters are optimized in order to provide uniform
illumination in an indoor environment. In [31], the impact of
the tilts of LEDs on positioning performance is investigated
for certain tilt angles, and it is shown that positioning accuracy
can be improved via tilted LEDs. However, a generic problem
of developing an adaptation strategy is not considered. In [32],
LED tilt and gain are estimated with offline training to perform
2D localization for a specific case considering a Lambertian
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order of unity. That work also illustrates the effects of LED
tilts on positioning performance; however, it does not focus
on LED selection or orientation adaptation.

Although the effects of LED orientations on positioning
accuracy and illumination are considered in the literature (e.g.,
[26], [27], [28], [29], [30], [31], [32]), there is no work that
investigates how to optimally choose LED transmitters and
determine their optimal orientation vectors during the localiza-
tion process in order to achieve the best localization accuracy
in VLP systems. (Due to the unique propagation characteristics
of visible light signals [4], LED orientation adaptation differs
notably from beamforming in RF systems.) Existing related
methods summarized in the previous paragraph illustrate the
significant effects of LED orientations on localization accu-
racy. However, an orientation adaptation and selection strategy
for LED transmitters for optimizing localization performance
in a VLP system is not available in the literature. Moreover,
the problem of jointly optimizing LED orientations and powers
has not been considered previously.

In this manuscript, we investigate an indoor VLP system
with multiple LED transmitters, which emit signals over a
certain number of time intervals to localize a VLC receiver.
We formulate the problem of LED selection and orientation
vector optimization with the aim of determining which LED
transmitter to employ in each time interval together with its
optimal orientation vector by considering the minimization of
the average CRLB on position estimation for a set of possible
receiver positions. Considering digital implementations, we
confine the orientation vectors of LED transmitters to finite
sets, and then use a convex relaxation approach and a swap
algorithm to develop a technique for LED selection and
orientation adaptation. We also formulate the problem of joint
LED selection, orientation adaptation, and power allocation.
For this problem, we extend the discretization approach by
generating a power vector corresponding to each LED orien-
tation. Moreover, we present a generic and low-complexity
joint optimization algorithm to optimize power allocation
and LED selection and orientation adaptation. We show the
effectiveness of the proposed approaches via simulations by
presenting comparisons with conventional approaches. The
main contributions and novelty of this work are as follows:

e A new problem formulation is presented for optimally
determining LED transmitters and their orientation vec-
tors to be employed over a certain number of time
intervals during the localization of a VLC receiver by
considering the average CRLB metric.

e By confining the LED orientation vectors to finite sets (as
in digital implementations), a convex optimization prob-
lem is obtained via relaxation. Then, a low-complexity
solution approach based on the relaxed solution and a
swap algorithm is proposed.

e It is shown that, over a number of time intervals, using
the same LED with different orientation vectors can be
preferable in some cases over the use of multiple LED
transmitters.

e The proposed approach is extended to obtain a new
optimization problem for joint LED selection and power
and orientation adaptation by assigning a power element
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for each possible LED orientation. The new problem is
solved via relaxation and a swap algorithm.

e It is shown via simulations that jointly optimizing the
powers and orientation vectors of LED transmitters can
significantly improve the localization performance of
practical maximum likelihood (ML) estimators.

In the conference version of this study [1], we present
the LED selection and orientation adaptation strategy, Algo-
rithm 1, in Section IIL. In this manuscript, we also provide the
following extensions: (¢) Joint optimization of LED selection
and orientation and power adaptation is proposed. (i7) A new
optimization problem is obtained for the proposed problem,
and a low-complexity algorithm (Algorithm 2) is presented
to solve it in a close-to-optimal manner. (ii7) Extensive
simulations are conducted to investigate the performance of
the proposed approaches in Section VI. (iv) Extensions are
presented to incorporate illumination constraints into the pro-
posed formulations and to investigate the case of multiple VLC
receivers.

As an approach related to LED orientation adaptation,
orientation vectors of photo-detectors at VLC receivers can
also be adjusted to improve localization and communication
performance of visible light systems [33], [34], [35], [36],
[37], [38]. For example, in [33] and [34], a VLP system is
realized by utilizing a single LED transmitter with a fixed
orientation and a VLC receiver with a single rotatable photo-
detector. Then, position estimation can be performed based
on received power measurements collected by the photo-
detector at different locations in the environment by rotating
it multiple times [34]. The idea of adjustable orientation
vectors is employed in angle diversity receivers (ADRs) to
improve performance of VLC systems as in [37], [38], and
[39]. For instance, an ADR structure is proposed in [39]
to reduce the signal-to-interference-plus-noise ratio (SINR)
fluctuations in multi-cell VLC systems, where one top photo-
detector and multiple inclined side photo-detectors are used.
By optimizing the inclination angle of the side photo-detectors,
the SINR fluctuation is minimized over a certain receiving
plane. Although orientations of photo-detectors are optimized
subject to certain geometric constraints in the literature such
as [34] and [39], a generic optimal design of photo-detector
orientations has not been considered in the literature. The idea
of LED selection and orientation adaptation via discretization
and convex relaxation approach proposed in this manuscript
can also be applied to the orientation adaptation of photo-
detectors at VLC receivers (Remark 5).

The rest of this manuscript is organized as follows: Sec-
tion II describes the system model and problem formulation.
Section III presents the CRLB derivations and the proposed
orientation adaptation strategy. Section I'V deals with a special
case of the proposed formulation for comparison purposes. In
Section V, the problem formulation and the proposed algo-
rithm for the joint optimization of LED selection and power
and orientation adaptation are given. The simulation results are
presented in Section VI. Extensions related to consideration
of illumination constraints and multiple VLC receivers are
investigated in Section VII, and concluding remarks are made
in Section VIII.
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Fig. 1. An example of LED selection and orientation adaptation over Ny = 6
time intervals of duration 77, using N1, = 4 LED transmitters, where the
indices of the selected LED transmitters are given by s(1) = 2, s(2) = 3,
s(3) = 2, s(4) = 2, s(5) = 2, and s(6) = 1. As will be illustrated in
Section VI, it may be optimal not to employ all the LEDs (such as LED 4 in
this example) during the localization process.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider an indoor VLP system with Ny, LED transmit-
ters at known locations denoted by 14, ..., I, in the 3D space.
The orientation vectors of the LED transmitters are adjustable
for the purpose of improving the localization performance of
a VLC receiver, which estimates its own position based on
signals collected from the LED transmitters.

As the position of a VLC receiver is not known during the
localization process, we consider prior statistical knowledge
about the position of the VLC receiver. In particular, it is
assumed that the VLC receiver can be at position x; with
probability wy, for £ = 1,..., Ny, where Ny denotes the
number of possible positions for the VLC receiver, wy > 0Vk,
and ZkNgl wg = 1. In addition, it is assumed that the VLC
receiver knows its orientation vector, e.g., via a gyroscope
[13], at each possible position. In particular, n; denotes the
orientation vector of the VLC receiver at position x; for
k=1,...,Ny.' For example, if the aim is the localization of
a robot in a given environment, where the robot has a VLC
receiver with a fixed orientation vector, then 72;,’s are the same
for all possible positions of the robot in the environment.?

We consider a time division multiplexing scheme such that
only one LED transmitter emits signals in a given time interval
[40], [41].3 In order to provide a generic formulation, we
consider localization over Np time intervals, where one of
the LED transmitters can transmit with a certain orientation
vector in each interval. In this formulation, an LED transmitter
is allowed to transmit in multiple time intervals with desired
orientation vectors. The aim is to determine the LED trans-
mitter and its orientation vector to be employed in each of the
Nj time intervals allocated for the localization process. To this
aim, we use the average CRLB as the localization accuracy

UIf there are multiple possible orientations of the VLC receiver at a given
position, this can be incorporated into the formulation by repeating the same
position multiple times with different orientations.

2 Although the number of possible positions is taken to be finite for
simplicity, the results can be extended to infinite number of possible positions
by devising a prior probability density function.

3Considering low mobilities in indoor VLP systems, it is assumed that the
position of the VLC receiver does not change during the localization process.
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metric since (¢) it provides a lower bound on mean-squared
errors (MSEs) of unbiased estimators, (i7) it does not rely on
a specific estimator structure, and (7i7) the MSE of the ML
estimator converges to it asymptotically [42]. Accordingly, we
propose the following optimization problem:

Ny . Nt
minimize ZwkCRLBk ({S(Z)’ns(i)}¢:1) (1
{S(l)vng(i)}izl k=1

subject to s(i) € {1,...,Np}, i=1,...,N; )
‘:l,izl,...,Nl 3)

g

‘”su)

where s(4) specifies the index of the LED transmitter selected
for the ith time interval, n;(i) denotes the orientation vector
of the s(i)th LED transmitter during the ith time interval,

NN
and CRLBy ({s(i)7n2(i)} I > denotes the CRLB when
s )=

the VLC receiver is at position x; and the selected LED
transmitters and their orientation vectors over the Ny time

intervals are specified by {s(i), ni(i) } " In Fig. 1, an exam-
ple illustration is presented for LED selection and orientation
adaptation for N; = 6 and Ny, = 4. In the next section, the
CRLB expression in (1) is specified and the proposed problem
in (1)—(3) is investigated.

III. LED SELECTION AND ORIENTATION ADAPTATION

We focus on the proposed formulation in (1)—(3), and
provide explicit expressions for the CRLB terms in (1).
Considering an asynchronous VLP system [13], [43], the VLC
receiver performs localization based on received power mea-
surements due to signals transmitted over the Nt time intervals.
Let PRY, (xx,n}) denote the received power measurement
when the VLC receiver is at position x; based on the signal
emitted in the ¢th time interval by the jth LED transmitter with
orientation vector n; Then, Pszxk (xk, n’

%) can be expressed
as [43], [44], [45], and [46]

Pil,{])'fk(wkv n;) = Pfx‘g},(lgs(wkvn;) + gz}]‘vk 4)
for ¢ = 1,...,Ny, where j € {1,...,Np.} and k €

{1,...,Nu}. In (4), P/X is the transmit power parameter of
the jth LED transmitter (the square-root is used to simplify
the analysis in Section V), ]zf;"%s(a:k,n?) is the channel
coefficient of the LOS path between the jth LED transmitter

3
with orientation vector n; and the VLC receiver at position

.t and &5,k 15 a zero-mean Gaussian noise component with

. 2 . . . ~ .
a variance of o“, which is independent of 5;737 i forall i # 4
and j # j [45]°

4We consider a LOS channel model and omit multipath effects as in [7],
[8], [13], [47], and [48] due to the following reasons: (i) LOS components
are significantly stronger than multipath components in visible light system
[4]. (i) When LOS LEDs exist, using them multiple times with various
orientations can be more beneficial than using non-LOS LEDs during LED
selection and orientation adaptation; hence, non-LOS LEDs may not be
utilized for localization. (iii) Taking into account the multipath components
makes the received signal model very complicated, preventing the theoretical
analysis of the LED selection and orientation adaptation problem, which is
studied for the first time in this manuscript.

SIndependence of &; 4,k s for different k indices is irrelevant as the CRLB
is calculated for each k (i.e., each possible position of the VLC receiver)
separately.
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The channel coefficients in (4) can be calculated as [49]:

HLOS(wk, n})=Hi 2 (xp, n

i )
5 D@ —1;)Tni>0, (1 —2k) Trr>0}

(5
with

(mj +1)A ((mk _ lj)T’n,;.)mj (lj — mk)Tﬁk

LOS i

Hiy (:Bk,nj)_ o ||ay — L] F3

(6)
where m; is the Lambertian order for the jth LED trans-
mitter, and A is the area of the photo-detector at the VLC
receiver. In (5), the indicator function 1.y specifies whether
the jth LED transmitter having an orientation vector nj can
communicate with the VLC receiver at position x; having an
orientation vector of 1. In particular, considering the use of
a hemispherical lens at the VLC receiver, the field-of-view
of the photo-detector at the VLC receiver is taken to be 90°
[50], [51]. Therefore, it is assumed that as long as the LOS
path between the jth LED transmitter and the VLC receiver
at position x;, forms acute angles with the orientation vectors
ny and n, there exists a connection between the jth LED
transmltter w1th orientation vector nj and the VLC receiver
with orientation vector ny (as specified by the inequalities in
the indicator function in (5)).

The VLP system described above is asynchronous since
the VLC receiver does not have clock synchronization with
the LED transmitters. Therefore, while estimating its own
position, the VLC receiver cannot utilize the time delay
information, and measures the received powers of the signals
sent from the LED transmitters for localization purposes. On
the other hand, the LED transmitters are controlled by a central
localization unit which controls the selection and orientation
adaptation of the LED transmitters. This localization unit
makes sure that one LED transmitter with desired parame-
ters performs transmission during each time interval; hence,
time division multiplexing is realized in this manner. At the
beginning of each transmission interval, pilot signals are sent
by the LED transmitters, which are used by the VLC receiver
for synchronizing with the time intervals and determining the
parameters of the LED transmitters.

Consider a strategy of LED selection and orientation adapta-
tion specified by {s(1), ni(i) } Nt as in (1). For that given strat-
egy, the following received power measurements are obtalned

(@r, 1) }
based on the description in (4). We represent the vector 0%
measurements related to position xj, for the strategy specified

by {S(i)ané(i)}ﬁ\; as PE’X({s(i),né(i)}f\gl), that is,

for the VLC receiver position xg: {Pst()

ng ({S(Z)ani(z)}f\L) 2 [Pl s(1),k g (Tk, M s(1))7
Py k(@02 )) -5 PR vy (s niV(INI))]- (N

Then, the log-likelihood function for estimating the position
parameter x; based on the power measurements given by

PR ({s(i), mi ) 10,

"i(i)}fVZH) ‘wk) =k - T;X

in (7) can be obtained via (4) as

log p (PIZ‘X ({S(i),
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)~ PR i)
®)

where & is a constant independent of x;,. The ML estimator for
the parameter x, which is the maximizer of the log-likelihood
function in (8), can be obtained as follows:

Np
wk ML_argman( i,8( )k(mk? s(z))
TLES i—1
~ . 2
P§5§>H§8§,k(wk,n;(i>)) ©)

where S denotes the set of possible locations for the VLC
receiver.

Let Iy ({s() nl; )}Z 1) denote the Fisher information
matrix (FIM) related to the estimation of xj; based on the
power measurements Pp ({s(i),ni(i)}f\gl) given by (7).
Similarly to [13] and [46], this FIM can be derived from (8)
as

{Ik (‘{5(’%”2 i)}ﬁ\gl)}tl ‘
Ny PTX aHLO)k(mk, s(i))

s(z
a Z 336;”1

o aHs(i),k-(wk’ni(i))
81‘]{;7,32

{(mk —Ls(iy)Tnl >0, (Ls('i}‘mk)Tﬁkw}
(10)

for t1,t2 € {1,2,3}, where the indicator function is used
to specify whether the s(:)th LED transmitter can commu-
nicate with the VLC receiver when it is at position xy,
H}g)sk(a:k,nzs(l)) is as defined in (6), and the derivative in
(10) is expressed as [46, Eq. (13)]

OHLOS (@
8xk7t

x |:Tllct(( zr — L) 'n ém)

_ms(i)ni(i),t ((wzc - ls(i))T'n’i(i))
+ (Mmg@y + 3) (e — Loy t)
. Ms(i) _
((mk - ls(i))Tn;(i)) sy — mk)Tnk-:|
|25 — Ly |2

i(i)) _ —(mgsu) +1)A
2m ||y — Ly || ™03

Ms (i)

ms(i)fl T_
Loy —z1)" My,

X (1
with xy, ¢, Tk ¢, ni(i)7t, and /,(;),+ denoting the ¢-th components
of vectors Ty, Ny, N, and ls(i), respectively.

Remark 1: The elements of the FIM in (10) are not defined
if (a:k—ls(i))Tni(i) = 0or (Iy;)—x) 7y = 0 for any ¢ since
ﬁi(?)sk(mk, ni(i)) in (8) is not differentiable with respect to
x, at such points (see (5)). However, the set of such boundary
points will have zero probability if the prior distribution of the
VLC receiver position corresponds to a continuous random
variable in a given three-dimensional environment. Also, in
practice, the estimation accuracy at such boundary points will
be the same as that when the LED transmitter associated with
that boundary point is not connected to the VLC receiver.[]
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The CRLB on the MSE of any unbiased position estimator
xy, for the VLC receiver position xy can be specified as [42]

E {||Z — 2]} > trace {1,;1 ({s(z’), ni(i)}f\L)}
2 CRLB; ({s(i),ni(i)}fl) (12)

which is evaluated based on the expressions in (10) and (11).

From (10)-(12), the problem in (1)—(3), and its special
case in (26)-(27), can be stated explicitly, revealing the fact
that they are non-convex problems with high computational
complexity. In particular, even for the special case in (26)-(27)
which involves no LED transmitter selection, a search over
a 2Np-dimensional space is required. Therefore, we aim to
propose an approach that can closely approximate the solution
of (1)-(3) in a low-complexity manner, as described in the
following.

Suppose that the orientation vectors of the LEDs can only
be set to finitely many predetermined possible values. (This is
a practical assumption when the orientations of the LEDs are
digitally controlled.) Let

Nj = {5 7 w1} (13)

represent the set of possible values for the orientation vector
of the jth LED transmitter for j € {1,...,Ny}, where
|N;| denotes the number of elements in A;. We define
st (Tk, J, 1j0) as (cf. (10))

PJTX 8H;“,%S(£Bk, ’ﬁj’l)

2

Gty o (Th, 3, M50) = p

6H]L7§€)S(:ck, ﬁj,l)

axk’tz

3:17k.,t1
{(@e—1;)T7;,>0, (1; —a)Tag>0} (14)
and the vector of all possible gy, ¢, (%, j, ;) values as

9t 1t (wk) = [gthtz (wk’ 1, ﬁ'l,l)a sy Gt ot (mkv 1"':"1,|N1|)7

Gty s (mkﬂ 27;"2,1)7 s Gt ot (wkv 2, ﬁ2,|N2\)7 )

Gty to (mkv Ny, ﬁNLJ)v sy Oty ot (xka NL7 ﬁNL,INNL\)]T'
(15)
Next, we define a binary selection vector z =
[2T...2% ] T with Ny ones, where each element z; is an
|Nj|-dimensional binary column vector. In particular, each
non-zero (unit) element of z determines which LED is selected
and which orientation vector is utilized in each of the N; time

intervals. That is, for each j € {1,..., Ny},

if jth LED with orientation m;; is selected

otherwise

(16)
where [ € {1,...,|N;|} and z; = [z51,. .., 2w, )"
According to the definitions in (14)—(16), we can express

the FIM in (10) for the discrete case as

Nt

[Ik(z)]tl,tz = ZZZ [gtl,tg (xp))1 = zTgtl,t2 (xk)
1=1

A7)

for t1,to € {1,2,3}, where [g,, ;,(xx)]; denotes the Ith
element of g, , (@) in (15) and N £ ZjV:Ll INj|.
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Remark 2: When each LED transmitter can have only
finitely many orientation vectors, the FIM in (10) correspond-
ing to a strategy denoted by {s(i),ni(i)}f:ll can always be
achieved by the FIM in (17) by appropriately defining the
sets in (13) and the selection vector z (see (14)—(16)). For
example, if an LED transmitter is employed with the same
orientation vector in multiple time intervals by the strategy
{s(i),ni(i)}f\gl, the sets in (13) can be defined to have
repetitions of the same orientation vector so that the FIM of
that strategy can be achieved by (17).00

Based on the FIM in (17), the CRLB for the VLC receiver
position x; can be stated as

CRLBy(z) £ trace {I ' (2)}

-1
ZTng(-’Ek) z 9172(~’Bk) ZT91,3(93k)

Zng,l(mk) z 92,2(3%) ZT92,3(~75k)
ZT93,1(33k) z 93,2(3’316) zTg373(a:k)

)
T
= trace T
T

(18)

Then, the optimal LED selection and orientation adaptation
problem can be formulated as the following selection problem

(cf. (D-(3)):

Ny
minimize ZwkCRLBk(z) (19)
k=1
subject to 17z = Ny (20)
z1€{0,1}, I=1,...,N¢ 21)

Since the problem in (19)—(21) has integer constraints,
it does not lend itself to low-complexity solutions. There-
fore, our approach is to relax the constraints in (21) as
follows [52], [53]:

z€0,1,1=1,...,Np (22)
After this relaxation, the problem in (19)—(21) turns into a
convex problem due to the following result.

Lemma 1: The objective function in (19) is a convex and
non-increasing function of z for all z > 0.

Proof: Since wy > 0 for all k € {1,...,Ny}, it is
sufficient to prove that CRLBy(z) in (19) is a convex and
non-increasing function of z for any k. For convexity, it is
first noted that trace{X !} is a convex function of X for any
positive semidefinite matrix X [53]. Therefore, since Ij(z)
specified in (18) is a linear function of z, trace {I;l(z)},
which is equal to CRLBj(z), becomes a convex function
of z. For the non-increasing property, it is first noted that
trace{X 1} is non-increasing with respect to X; that is, if
X' = X", then trace{(X')~!} < trace{(X"”)"'}, where
X’ = X" means that X’ — X" is positive semidefinite. Hence,
it is sufficient to show that z’ = 2" implies I (2’) = I (2"),
where z’ = z” means that the /th element of z’ is larger than
or equal to the /th element of 2" for each . To show this, we
define another vector Z £ 2’ — 2. Clearly, 2 > 0. Also, we
can write I (2) = I;(2') — Ix(2") from the linearity of I(z)
with respect to z. It is known that I(Z) > O since z > 0.
Then, I;(2") — Ix(2") > 0; hence, I(2") = Ix(2"). u
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It follows from Lemma 1 that the relaxed version of the
problem in (19)—(21) becomes a convex optimization problem,
which is stated as

Ny
minimize Z wiCRLB(2) (23)
k=1
subject to 17z = Ny 24)
z€[0,1], I=1,...,Np (25)

In addition, the non-increasing property in Lemma 1 implies
that it is an optimal approach to send a signal in each time
interval instead of having silent periods in some of the Ny
intervals.

Based on the relaxed problem in (23)—(25), we propose
the following algorithm (Algorithm 1) for LED selection and
orientation adaptation:

Algorithm 1 Proposed Swap Algorithm to Find the Optimal
LED Selection and Orientation Adaptation Strategy

Result: z°"P CRLB,in
1 Find z™! by solving (23)—(25);
2 Obtain z'®* by setting the largest N7 elements of 2!
to one and the others to zero;
3 Define CRLB iy = Y 0, wi, CRLBy(2');
4for j=1,..., Ny do

5 for i =1,..., Nyyp do

6 Obtain z* by replacing jth nonzero element in
z'2 with the orientation corresponding to ith
largest value in z"!;

7 CRLB = Yo%, wy CRLBy,(2*);

8 if CRLB < CRLBin then

9 CRLBin, = CRLB;

10 Z5WP = z*;

11 end

12 end

13 end

Remark 3: It is important to emphasize that the proposed
LED selection and orientation adaptation strategy does not
depend on the noise variance parameter o2 as it only scales the
FIM (hence, CRLB), which can be noted from (10) or (14).01

Remark 4: The first step of the proposed strategy, (23)—(25),
can be solved with the interior-point method, which runs in
polynomial time, (’)(N%), in the worst case (and much faster
in practice). The remaining steps include the evaluation of the
CRLB expression given in (18) for Ny, X N7 times, which
has linear time complexity. Therefore, the complexity of our
approach is O(N3), which is significantly lower than that
of multiple 2/N1,-dimensional searches required to solve the
original problem in (1)-(3).00

Remark 5: The adaptation of the orientation vector of the
photo-detector at the VLC receiver can also be incorporated
into the proposed approach. If the orientation vectors, 1y, of
the VLC receiver can take Np possible values in each time
interval, then the size of the selection vector z can be increased
from Nt to N7 Np. In that case, selecting an element of z
specifies not only the selected LED and its orientation but
also the orientation of the photo-detector at the VLC receiver.
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Hence, the proposed approach can be applied in this manner
for joint adaptation of the orientations of the LED transmitters
and the VLC receiver..J

IV. SPECIAL CASE: A DISTINCT LED IN EACH INTERVAL
For comparison purposes, we also consider a special case

of the proposed formulation under the following assumptions:

o NV 1= NL.
e Each LED transmitter is employed in one of the intervals.

In this special case, the problem in (1)—(3) reduces to

Ny
minimize > wpCRLBy, ({1, ni}1) (26)
{ni}; 5y k=1
subject to ||n;||=1, i=1,..., Ny 27

where n; is the orientation vector of the ith LED transmitter,
which is employed during the ith time interval. Since there is
no need to perform selection in this special case, n; is used
instead of n! (c.f. (1)) for a more compact notation.

For this case, the problem in (19)—(21) can be modified as

Ny
minimize ZwkCRLBk(z) (28)
i k=1
subject to esz =1, 4j=1,...,Ng (29)
z€{0,1}, l=1,...,Np (30)

where e; is an Ny—dimensional binary column vector with
its /th element being given by

{1, if e {SIN N+ 1, T Gl
lejle = :
0, otherwise

(31
The constraint in (29) enforces that each LED is used in
exactly one of the intervals (cf. (20)).

For the problem in (28)—(30), similar steps to those in
Section III can be performed by first replacing (30) with (22),
and obtaining the relaxed solution denoted by 2™' via convex
optimization. Then, the selection vector is obtained by setting
the largest element in each of the Ny, blocks of the relaxed
solution 2" to one and the others to zero, where the 7th block
of ™! consists of |\;| elements for ¢ = 1,..., Ny, (see (29)
and (31)). The resulting selection vector for the special case
is denoted by z'®". We can again employ the swap algorithm
as in [52] and [54] and obtain an updated solution denoted
by Z°%P.

As will be illustrated in the numerical examples, the general
formulation in (1)-(3) (or, (19)—(21)) can lead to higher
localization accuracy than the special case in (26)—(27) (or,
(28)—(30)) since employing one LED with multiple orien-
tations can sometimes provide considerably higher position
related information than using multiple LEDs over the same
time duration. On the other hand, the special case can
outperform the conventional approaches in which all the
LEDs have the same orientation (e.g., perpendicular to the
ceiling) [14], [43].
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V. EXTENSION: JOINT LED SELECTION AND POWER AND
ORIENTATION ADAPTATION

In this section, we also consider the power alloca-
tion problem under a total power constraint together with
the LED selection and orientation adaptation. Therefore,
P1T§((1)7 . ,Pﬁfs( Ny are regarded as additional optimization
parameters, where PT)(%) denotes the power parameter of the
s(4)th LED transmitter during the time interval i. Accordingly,

we extend the problem given in (1)—(3) as follows:

minimize
{9(1) nq(l),PngX“) )
(32)
subject to s(i) € {1,...,Np}, i=1,...,N; (33)
Hn i=1,....N (34)
Z i s(z < PE (35)
st()>0 1,..., DNy, (36)

where Px; > 0 specifies the total power constraint, which is
used to limit the total energy consumption of the VLP system.
Since the optimization problem in (32)—(36) corresponds to
a high-dimensional non-convex problem, its direct/exhaustive
solution is impractical. Therefore, as in Section III, we dis-
cretize the orientation vectors of the LEDs by updating the
definitions of gy, ¢, (x,j,7;,) in (14) and g, ,, (xx) in (15)
as
. s 1 OHR (2, my)
Gt o (T, Jy Mj1) = 5 ———

o2 0Tk 1,
OHF (wk, 7)) 3
axk . {(mkflj)T’ﬁj,L>0,(ljfwk)T'ﬁk>0} ( 7)
st2
and
gtth (wk‘) = [gtl,tz (a:kv la ﬁl,l); v 7gt1,t2 (.’Bk-, 17 ﬁ'l,|./\f1|)7

gthtz (mka 27f”2,1)7 .. 7gt1,t2 (xk?a 2a 7:"2,|./\/'2\)a e

~ ~ T
y Gty ,to (a:k; NL7 nNL7|NNL‘):|
(38)

Gt1 42 (Tks NL, Ny 1), - - -

and defining the power allocation vector p = [p{ .. .p%L] T,
where each element p; is an |V} |-dimensional column vector
corresponding to the power parameters of LED j . That is, for
each j € {1,...,Np}. p; = [P/T", ..., P}k, |7, where P*
specifies the power allocated to the lth pos51ble orientation of
the jth LED transmitter for [ € {1,...,|Nj|} (which is a
non-negative real number, i.e., not discretized).

Similarly to (17), we can express the FIM in (10) for this
case to include the power parameters as

Nt

Zlez Gty @)i = (PO 2)" gy, 4, (1)
1=1

(39)
for ti,to € {1,2,3}, where [g, ,,(xx)]; denotes the Ith
element of g, ,,(xx) in (38). Based on the FIM in (39), the
CRLB for the VLC receiver position x; can be stated as

CRLBy(z,p) £ trace {I, ' (z,p)} . (40)

[L(z, p)] t1,ta
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Then, the joint LED selection and orientation and power
adaptation problem can be formulated as

Nu
inimi CRLBg(z,
minimize Zwk k(z,p)

41

subject to 17z = Ny (42)
z1€40,1}, I=1,...,Np (43)

1"p < Py (44)

p>=0. 45)

) Nt
i TX
ZwkCRLBk <{ @), ns(’:)’P"”s(i)}i_l) We relax the constraints in (43) as in (22) to obtain the

following relaxed problem:

Ny
mlmmlze ZwkCRLBk(z D) (46)
k=1
subject to 17z = Ny 47
z7€[0,1], I=1,...,Np (48)
1"p < Py (49)
p 0. (50)

The problem given in (46)—(50) is a convex problem for given
z or p due to the following result.

Lemma 2: The objective function in (46) is a convex and
non-increasing function of z and p for all z >~ 0 and p > 0.

Proof: Since wy, > 0 forall k € {1,..., Ny}, it is sufficient
to prove that CRLB(z,p) in (46) is a convex and non-
increasing function of z and p for any k. For convexity, it
is first noted that trace{X '} is a convex and non-increasing
function of X for any positive semidefinite matrix X [53].
Therefore, it is sufficient to show that I (z,p) is a concave
function of z and p. From (39), it is noted that I(z,p) is
linear with respect to z (p) when p (z) is fixed. Therefore,
the objective function in (46) is convex for each of z and
p. The non-increasing property can be shown by defining
2 2" p' and p” where 2/ = 2" and p’ = p”. Clearly,
zZop » ' ©p”. Also, Iy(z,p) is linear with respect
to z © p. Therefore, similar to Lemma 1, CRLBy(z,p) is
a non-increasing function of z and p. u

Based on Lemma 2, the solution of (46)-(50) can be
obtained in a low complexity manner via convex optimization
tools by using alternating optimization. However, since all
the elements of z are required to be integers, Algorithm
2 is proposed to optimize the power allocation following
the application of the swap algorithm to determine =z°%P.
The algorithm first finds the solution, denoted by z'! and
p*el, to the problem in (46)—(50). It then performs a number
of iterations, where in each iteration, a new solution z* is
generated from z"! using the swap algorithm mentioned in
Section III. For this new z*, the corresponding optimal p* is
found by solving the following problem:

Ny
minimize Z wrCRLB (2%, p) (51)
P k=1
subject to 17p < Py, (52)
p= 0. (53)
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The power allocation problem in (51)-(53) for a given
z* is a convex problem, which can be seen from
Lemma 2.

Algorithm 2 Proposed Algorithm to Find the Optimal LED
Selection and Power and Orientation Adaptation Strategy

Result: p°Pt, 2°Pt CRLB,in
1 Find 2™, p™! by solving (46)—(50);
2 Obtain z'#* by setting the largest Ny elements of z
to one and the others to zero;
3 Define CRLB i, = 30, wpCRLBy (21, prl);
4 for j=1,...,Ny do

rel

5 fori=1,..., Ngyp do

6 Obtain z* by replacing jth nonzero element in
z!* with the orientation corresponding to ith
largest value in 2™';

7 Find p* from (54)—(56);

8 CRLB = Y2, wy CRLBy.(2*, p*);

9 if CRLB < CRLB,,;,, then

10 CRLBin = CRLB;

1 (popt7 zopt) — (p*7 Z*);

12 end

13 end

14 end

The joint optimization problem in (46)—(50) can effectively
be solved using the sequential quadratic programming (SQP)
method during alternating optimization. In the MATLAB sim-
ulations, the SQP algorithm demonstrates faster convergence
compared to the interior-point method. The computational
complexity of the SQP algorithm can be approximated as
O(N3) in the worst case. At each iteration, the power
optimization problem is solved with O(N?) time complex-
ity, since the solution z* consists of N; nonzero elements.
Hence, the overall complexity of Algorithm 2 becomes Ny X
O(N3) 4+ Nswp x N1 x O(NP), where N, is the number
of iterations in alternating optimization, which is dominated
by the term O(N3) since N; < Nt in practical cases. This
shows that the joint optimization can be performance with-
out significantly increasing the time complexity compared to
Algorithm 1.

VI. NUMERICAL RESULTS
A. System Setup

In this section, numerical results are presented to evaluate
the performance of the proposed approaches. We consider a
room with dimensions 8 x 8 x 5 meters (width, depth, and
height, respectively) and 4 LEDs (i.e., N1, = 4) placed at
I, = [2,2,57 m, I, = [6,2,5]7 m, I3 = [2,6,5]7 m,
and Iy = [6,6,5]7 m [13]. The transmit power parameters
and the Lambertian orders of the LEDs are set, respectively,
to PjTX = 10W and m; = 1 for all j € {1,2,3,4}.
Also, the area of the photo-detector at the VLC receiver is
A=1lcm?

The number of time intervals over which localization is
performed is set to N1 = 4. For describing the prior statistical
knowledge about the position of the VLC receiver, we generate
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LED Transmitters
Possible Receiver Locations - Case 1
Possible Receiver Locations - Case 2

Fig. 2. VLP system configuration in the simulations. The center of grid is
located at [1 1 1] m in Case 1 and at [3 4 1] m in Case 2.

two different 1 x 1 x 1 m grids with 0.5 m step size between
adjacent points in the grid. The VLC receiver may be at one
of these points with equal probability, i.e., wy = 1/Ny for
k =1,..., Ny, where Ny = 27. The center of the grid is
taken as [1,1,1]7 m for the first case (Case 1) and [3,4,1]T
m for the second case (Case 2). In addition, the orientation
vector of the VLC receiver is . = [0,0,1]7 for all k in
each case. The considered VLP system setup is shown in
Fig. 2. For comparison purposes, we also consider the common
approach with perpendicularly oriented LEDs, where each
LED has the same orientation vector n; = [0,0,—1]7 for
7 = 1,2,3,4. The prior probability distributions considered
in Case 1 and Case 2 above can be used, for example, in a
tracking application, where the center of the grid corresponds
to the position estimate of the VLC receiver in the previous
time step.

To evaluate the performance of the proposed methods,
we consider two different resolutions in determining the
set of possible orientation vectors of the LED transmit-
ters, i.e., sets ./\/j in (13). We first express the orienta-
tion vectors of the LED transmitters in ./\/'J as n;; =
[sin 6; cos ¢y, sin 6, sin ¢y, cos&l]T for each j € {1,...,Np},
where 6; and ¢; denote the possible elevation and azimuth
angles, respectively. Then, we introduce parameter A to
uniformly sample the possible angles for the elevation and
azimuth angles as follows: We sample the azimuth angle with
2A from 0° to 360° and the elevation angle with A from
180° to 90° (since the LEDs are on the ceiling of the room).
Therefore, (6;,¢;) € [180 : (—A) : 90) x [0 : 2A : 360). In
the simulations, A = 100 corresponds to the high resolution
scenario and A = 300 to the low resolution scenario. For
the swap algorithm in the proposed approach and its special
case, Ngwp = 0.2|Nj| is chosen, where N is as described
above.

B. Evaluation of Proposed Approaches

First, we consider the LED selection and orientation adap-
tation approach proposed in Section III and its special case
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Fig. 3. Average CRLBs in meters in Case 1, when the receiver is close to
the edge and A = 300.
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Fig. 4. Average CRLBs in meters in Case 1, when the receiver is close to
the edge and A = 10o.

described in Section IV. In Fig. 3 and Fig. 4, the aver-
age CRLBs in meters achieved by the proposed solution
z5WP (“CRLB-Swap”), the special case 2°"P (“CRLB-Swap
(Special)”), which enforces the use of each LED in only
one interval, and the conventional perpendicular orientation
approach (“CRLB-Perpendicular”), in which the LEDs are
used in order and with perpendicular orientation, are plotted
for Case 1 with respect to the noise variance 0. The average
CRLBs are plotted in meters by taking the square-root of
the average CRLB expressions in Sections III and IV. (The
considered range of ¢? values is compatible with those in
the literature [43].) In addition, for illustrating the details of
the algorithms, the CRLBs achieved by the relaxed problems
(z"! and 2™') and those achieved by setting the largest Np
elements of the relaxed solutions to one (z'#* and 21(“) are
presented in the figures with dashed lines. The results in
Figs. 3 and 4 show that the proposed approach of LED
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TABLE I

LED SELECTIONS AND ORIENTATIONS FOR CASE 1, WHERE THE UPPER
AND LOWER PARTS CORRESPOND TO THE PROPOSED APPROACH IN
SECTION III AND ITS SPECIAL CASE IN SECTION IV, RESPEC-

TIVELY
z5WP A = 30° z5VP A = 10°
LED Orientation LED Orientation
[0.87 0 -0.50] [0.81 0.30 -0.50]

[-0.43 0.75 -0.50]
[0.43 0.75 -0.50]
[-0.43 -0.75 -0.50]

[-0.75 0.63 -0.17]
[0.15 0.85 -0.50]
[-0.47 -0.81 -0.34]

= =] —=| =
= =] = =

zZ5VP A = 30° zZ5VP A =10°
LED Orientation LED Orientation
1 [-0.43 -0.75 -0.50] 1 [-0.67 -0.56 -0.50]
2 [-0.5 0 -0.87] 2 [-0.47 -0.17 -0.87]
3 [-0.25 -0.43 -0.87] 3 [-0.25 -0.43 -0.87]
4 [-0.25 -0.43 -0.87] 4 [-0.49 -0.41 -0.77]
TABLE 11

LED SELECTIONS AND ORIENTATIONS FOR CASE 2, WHERE THE UPPER
AND LOWER PARTS CORRESPOND TO THE PROPOSED APPROACH IN
SECTION IIT AND ITS SPECIAL CASE IN
SECTION IV, RESPECTIVELY

z5WP A = 30° z5WP A =10°
LED Orientation LED Orientation
1 [0.25 0.43 -0.87] 1 [0.17 0.30 -0.94]
2 [-0.25 0.43 -0.87] 2 [-0.38 -0.32 -0.87]
3 [0.25 -0.43 -0.87] 3 [0.17 -0.30 -0.94]
4 [-0.25 -0.43 -0.87] 4 [-0.38 -0.32 -0.87]
zZ5WP A = 30° zZ5WP A =10°
LED Orientation LED Orientation
1 [0.25 0.43 -0.87] 1 [0.17 0.30 -0.94]
2 [-0.25 0.43 -0.87] 2 [-0.38 -0.32 -0.87]
3 [0.25 -0.43 -0.87] 3 [0.17 -0.30 -0.94]
4 [-0.25 -0.43 -0.87] 4 [-0.38 -0.32 -0.87]

selection and orientation adaptation significantly outperforms
the special case and the perpendicular orientation approach
when the receiver is near the edge of the room (Case 1).
For example, when 1/02 = 140dB, the proposed approach
(25%P), the special case (2°"P), and the perpendicular orien-
tation approach (zP®") achieve average CRLBs of 0.12, 0.30,
and 0.38 m, respectively. It is also noted that the proposed
approach reaches a close value to that achieved by the relaxed
solution, which provides a performance bound to the problem.
Hence, the proposed convex relaxation approach combined
with the swap algorithm does not cause a notable loss of
optimality in this case. In addition, the change of resolution
from A = 300 to A = 100 does not have a notable
difference in the localization performance of the proposed
approach, which is a desirable property for low complexity

implementation.
In Table I, the solutions for the proposed approach and the
special case are shown in Case 1 for both A = 100 and

A = 300. It is noted that the proposed approach uses LED 1
(the closest LED to the possible receiver locations in Case 1)
with certain orientations during all the four time intervals,
and achieves lower CRLBs than the special case (as shown
in Figs. 3 and 4), which uses each LED transmitter in only
one of the intervals. Therefore, in this case, one LED provides
more localization information than multiple LEDs by utilizing
different orientations.

Authorized licensed use limited to: ULAKBIM UASL - Bilkent University. Downloaded on September 08,2026 at 06:27:00 UTC from IEEE Xplore. Restrictions apply.



14806

10" w w
—S— CRLB-Perpendicular
— + — CRLB-Relaxed
CRLB-Largest
—&— CRLB-Swap
2] — % — CRLB-Relaxed (Special
9 2 CRLB-Largest (Special)
@ 100 X ]
IS —<— CRLB-Swap (Special)
£
m
|
o
O
[0)
=3
©
10t
<
10,2 I I I I I
120 125 130 135 140 145 150

1/6° (dB)

Fig. 5. Average CRLBs in meters in Case 2, when the receiver is close to
the center for A = 300.
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Fig. 6. Average CRLBs in meters in Case 2, when the receiver is close to
the center for A = 10o.

In Fig. 5 and Fig. 6, the CRLBs are plotted versus the
noise variance for Case 2. In Case 2, the proposed approach
improves the localization performance of the perpendicular
orientation approach only by 2.53cm at 1/0% = 140dB for
A = 300. We also show in Table II that the solutions of the
proposed method and the special case are the same. These
observations are related to the fact that the possible VLC
receiver positions are near the center of the room in Case 2 for
which the optimal approach involves the use of all the LEDs
with close to perpendicular orientations.

In Fig. 7 and Fig. 8, the RMSEs of the ML estimators
(see (9)) and the CRLBs (in meters) are plotted for Case 1
and Case 2, respectively, for A = 300. At each point, fifty
trials are conducted. It can be seen that the RMSEs of the
ML estimators converge to the CRLBs for all the methods
at sufficiently low noise variances. Therefore, the proposed
method not only reduces the CRLB but also improves the
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Fig. 7. RMSEs and average CRLBs in meters in Case 1, when the receiver
is close to the edge and A = 300.

102 : : : '
—&— CRLB-Perpendicular
—&— CRLB-Swap
CRLB-Swap (Special
**** ML-Perpendicular
10" —- B~ ML-Swap 1
ML-Special
E
L 0L
» 10
=
o
1071 F
2 I I I I I I L L L

100 105 110 115 120 125 130 135 140 145 150
1/6% (dB)

Fig. 8. RMSEs and average CRLBs in meters in Case 2, when the receiver
is close to the center and A = 300.

accuracy of the ML estimator, which is commonly used for
localization. It is also noted that the RMSEs of the ML
estimators are lower than the CRLBs for high noise variances,
which is due to the fact that the ML estimator in (9) yields
its estimate by performing a search for the VLC receiver
position inside the room while the CRLB calculations do not
assume any prior knowledge about the position of the VLC
receiver.

Next, we focus on the joint LED selection and power
and orientation adaptation approach proposed in Section V.
Figs. 9 and 10 illustrate the average CRLBs achieved by
the proposed swap approach, its special case, and the per-
pendicular configuration both in the absence and presence of
power adaptation in Case 1 and Case 2, respectively. Namely,
“CRLB-Joint” corresponds to the joint LED selection and
orientation and power adaptation approach in Section V, and
“CRLB-Joint (Special)” corresponds to its special case with
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Fig. 9. Average CRLB (in meters) comparison of different strategies in Case
1, when the receiver is close to the edge, A = 300, and l/cr2 = 130dB.

09

—©&— CRLB-Perpendicular

—-<t-— CRLB-Perpendicular (Optimized Power
0.8 r CRLB-Joint (Special)

. —+&— CRLB-Swap
N — * — CRLB-Joint

o
3

Average CRLB in meters
o =]
(6] [}

0.4

20 22 24 26 40

Fig. 10. Average CRLB (in meters) comparison of different strategies in Case
2, when the receiver is close to the center, A = 300, and 1/ o2 = 130dB.

the use of each LED in one of the time intervals. It is observed
that joint optimization can significantly reduce the average
CRLBs for the special case of the proposed approach and
for the conventional perpendicular configuration in Case 1.
In addition, this reduction increases as the power constraint
gets stricter. However, the swap approach gets only marginal
benefits from power adaptation in this scenario (since opti-
mization of LED selection and orientation adaptation achieves
most of the improvements in this example). Moreover, when
the receiver is close to the center (Case 2), power adaptation
does not provide any notable benefits.

To provide more insights related to Figs. 9 and 10, Table III
and Table IV show the optimized power allocation as well as
the optimal LED selection and orientation adaptation based on
the proposed approach in Case 1 and Case 2 when Py, = 40 W.
It can be seen that the differences among the assigned power

TABLE III
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LED SELECTIONS, ORIENTATIONS, AND ASSIGNED POWERS IN CASE 1
FOR THE PROPOSED APPROACH IN SECTION V, WHERE Py, = 40 W

LED Orientation Power
1 [0.87 0 -0.50] 13.91
1 [-0.43 0.75 -0.50] 13.15
1 [0.43 0.75 -0.50] 1.71
1 [-0.43 -0.75 -0.50] 11.23

TABLE IV

LED SELECTIONS, ORIENTATIONS, AND ASSIGNED POWERS IN CASE 2
FOR THE PROPOSED APPROACH IN SECTION V, WHERE Py, = 40 W

LED Orientation Power
1 [0.25 0.43 -0.87] 9.44
2 [-0.25 0.43 -0.87] 10.56
3 [0.25 -0.43 -0.87] 9.44
4 [-0.25 -0.43 -0.87] 10.56
1r 10.6
—-<t-— CRLB-Perp. (Opt. Power
—#&— CRLB-Joint 10.55
0.9 —-<t-—Time-Perp. o
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Fig. 11. Average CRLBs (in meters) and execution times of the proposed

approach and the conventional approach (in which perpendicular LEDs are
used in order and power optimization is performed) in Case 1, when the
receiver is close to the edge, A = 300, and 1/cr2 = 130dB.

levels is significantly larger in Case 1 compared to Case 2. This
result indicates that power optimization can limit the power
consumption for less informative orientations. Moreover, it is
noted from Figs. 9 and 10 at Ps; = 40 W that the difference in
positioning accuracy between the two cases (Case 1 and Case
2) is minimal, namely, lower than 0.2%, when the proposed
algorithm is used, whereas this difference increases to 53% and
63% for the perpendicular setup when the power is optimized
and not optimized, respectively. Hence, a more homogeneous
localization accuracy can be achieved over the environment
via the proposed approach of LED selection, orientation, and
power adaptation.

We also perform simulations for comparing the execution
times of the proposed approach and the conventional approach
in which perpendicular LEDs are used in order and power
optimization is performed. Fig. 11 shows the effects of the
number of time intervals N7 on the execution times and the
average CRLBs (in meters) for both approaches in Case 1,
where A = 300 and 1/0% = 130dB. Although the proposed
approach requires approximately twice the time required by
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Fig. 12. RMSEs of the ML estimators in the multi-step algorithm together
with the CRLBs (in meters) for the initial (perpendicular) configuration and
for the ideal case of known VLC receiver position. In this case, the VLC
receiver is located at [1,1,1]7 m. and A = 300.

the conventional approach, it achieves a 62% reduction in
the average CRLB (in meters). In addition, as stated before,
the proposed approach achieves this improved localization
performance with much lower computational complexity than
the brute-force solution of (1)—(3), which has prohibitive
complexity.

C. LED Selection and Orientation Adaptation in Absence of
Prior Information on VLC Receiver Position

In this manuscript, a statistical uncertainty model is used
for the unknown position of the VLC receiver. Namely, the
uncertainty in the position of the VLC receiver is modeled
by a prior probability distribution. In the absence of such
prior information, LED selection and orientation adaptation
can be performed iteratively with position estimation to
achieve improved positioning and improved LED selection
and orientation, which is similar to the multi-step algo-
rithm in [46] in designing intelligent reflecting surface (IRS)
parameters.

In this alternative approach, we first use a conventional
setting for the LED selection and orientations, such as perpen-
dicular setting (i.e., LEDs directly pointing downwards from
the ceiling towards the floor) and using LEDs in order. Then,
the VLC receiver performs ML estimation to determine its
position and reports the position estimate to the localization
network. Then, the LED selection and orientation optimization
is performed assuming that the reported position is the true
position of the VLC receiver; i.e., by setting w; = 1 for
x1 = vy and w; = 0 for ¢ = 2,..., Ny, where xyr,
denotes the ML position estimate. Then, based on this new
LED selection and orientations, the VLC receiver performs
another position estimate and reports it again. The results for
this multi-step algorithm are shown in Fig. 12 by plotting the
RMSE:s of the ML estimators in the first three steps together
with the CRLBs in meters for the initial configuration of LEDs
(called “Perpendicular”) and for the optimal configuration
assuming that the position of the VLC receiver is known

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 73, NO. 12, DECEMBER 2025

(called “Ideal Solution”). It can be seen that the multi-step
approach converges to the CRLB for the ideal solution at
sufficiently low noise variances. This result indicates that the
proposed algorithm can be used even when there is no prior
information about the position of the VLC receiver if the noise
level is sufficiently low.

VII. FURTHER EXTENSIONS
A. Incorporation of Illumination Constraints

We can consider two different application scenarios for the
VLP system investigated in this manuscript.

e Scenario 1: In the first scenario, the VLP system is used
in an environment where there are no requirements on
illumination. For example, this would be the case in any
indoor environment in the absence of people such as
robot navigation in a dark factory, or machine/equipment
tracking in an automated warehouse. In such cases,
visible light or infrared signals (which have the same
propagation characteristics as the visible light signals) can
be used for positioning by considering the optimization
of localization performance only, as considered in this
study.

e Scenario 2: In the second scenario, the visible light
system is also used for illumination. In such a case,
the illumination constraints should be taken into account
during the optimization of the VLP system. Therefore, the
performance of localization and illumination are related
to each other in this scenario.

Although the approaches in the previous section do not
consider the illuminations constraints (i.e., focus on Scenario
1), the results can be extended to incorporate illumination
constraints and to cover Scenario 2 as follows: As a measure
of brightness, the illuminance (Im/m?, 1x) is used, which is
defined as the luminous flux (lm) per unit area [55]. The
horizontal illuminance at a given location y due to the jth
LED transmitter during the ¢th time interval can be expressed
as [56]

Mj (y7 ’I’L;)

\/J?(Tnj + 1) B ((y — 1) i)™ (s — ys)

2y = L[

(54)

where 'n; is the orientation vector of the jth LED during the
ith time interval, I; is the location of the jth LED transmitter,
k; represents the luminous efficacy (Im/W) of the jth LED (the
optical power to luminous flux conversion efficiency), E;’pt is
the optical power of the base signal used for transmission,
and /;3 and y3 denote the third components of I; and y,
respectively. Assuming that LEDs are time multiplexed at
a sufficiently high frequency (i.e., when the time intervals
are sufficiently short), the perceived illuminance becomes the
average of the illuminance provided by the employed LEDs
over the time intervals such that

Ni
1 .
=1
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where M(y) is the perceived illuminance at location y and
s(4) specifies the index of the LED transmitter selected for the
ith time interval. If we consider L generic points yq,..., Yy,
at which the illuminance constraints should be satisfied, then
we can express the illumination constraints as

M(y,) > Mg, £=1,....L (55)
where M, denotes the illuminance constraint defined for
location y,.

In the discretization approach considered in Section III, the
set of possible values for the orientation vector of the jth LED
transmitter is represented by N = {7 1,..., 7 ;) } forj €
{1,...,Np} as in (13). Then, we define the following vector
considering all possible LEDs and all possible orientations as

Mi(ye, i nq))s - -
~ T
MNL (yﬁ7 nNLalNNLI)]

m(y,) = [Ml(yfa M11)sees

MNL(y€7ﬁNL,1)a"-7 (56)
for ¢ € {1,...,L}. Accordingly, the illumination constraints
in (55) can be stated as

m(y,) z> M, ¢=1,....L

where z is the Nt—dimensional selection vector defined in
Section TIT of the manuscript with Np = Z;V:LI |Nj|. Since
these constraints are linear with respect to z, adding them to
the proposed convex problem in (23)—(25) does not change the
convex structure of the problem.® In particular, the following
optimization problem is considered instead of (23)—(25):

Nu
minimize ZwkCRLBk(z)
k=1
subject to 17z = Ny
z€[0,1], I=1,...,Np
m(y,)'z2>M, £=1,...,L

First, this convex problem is solved (assuming that it is feasi-
ble; i.e., that the illumination constraints are not too strict), and
its solution is denoted by z™'. Then, the largest N elements
of z™! are set to one and the other elements are set to zero.
The resulting vector is called 2'**. Next, a swap algorithm
is performed similarly to Algorithm 1 by performing swaps
between the nonzero elements of z'®" and the orientations
corresponding to ith largest value in 2™ fori =1,..., Newp-
However, unlike Algorithm 1, a feasibility check is performed
for each candidate selection vector formed during the swap
operations, and the one that is feasible and achieves the mini-
mum objective (i.e., average CRLB) is selected as the current
solution candidate. Overall, the proposed discretization and
convex relaxation approach followed by the swap algorithm
can also be applied by considering illumination constraints, as
well.

61t is also possible to incorporate an average illumination constraint as in
Section III.C.4 of [56] into the problem as another linear constraint.
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B. Extension to the Case of Multiple Receivers

The approaches in this manuscript can directly be extended
to cover the case of multiple VLC receivers (users). In that
case, a weighted average of the average CRLBs of multiple
receivers can be employed as the objective function. Let Ng
denote the number of VLC receivers and mé and n,(gb) repre-
sent, respectively, the position and the orientation vector of the
bth user at its kth possible location where b € {1,...,Np}
and £k € {1,.. b)} with N Y} denoting the number
of possible locat10ns for the bth VLC receiver. Also, w,(fb)
represents the probability that the bth VLC receiver is at
position a:,(C ). We also introduce 1mp0rtance factors (weights)
for different VLC receivers denoted by £, ... ¢(B) which
are non-negative coefficients. Then, we propose the following
problem for LED selection and orientation adaptation for

multiple VLC receivers (cf. (1)—(3)):

N
minimize Zf(b) Z ¢ CRLB;” <{5(i),ni(i)}]f )
{srmi} " b= i=1

subject to s(i) € {1,...,Np}, i =1,...,N;

’n’,i Ci=1,..., Ny
where the CRLB term denoted by
NN
CRLBg’) ({s(i),nz(i)} I ) can be obtained as in
s ) i=1

Section III by replacing xp, Ny and A with w,(cb), n,(cb)

and A(®), respectively, with A®) being the area of the
photo-detector at the bth VLC receiver.

Since the structure of the problem is the same as that in
(1)—(3), all the theoretical approaches apply to this problem,
as well. For example, the problem in (19)—(21) turns into

B Ny

minimize Y €3 wi” CRLB" (2)
= b=1 k=1
subject to 17z = Ny

2€{0,1}, 1=1,...,Np

which again becomes a convex problem after relaxation.
Hence, the same algorithms can be applied.

VIII. CONCLUDING REMARK

We have proposed an algorithm for LED selection and
orientation adaptation for VLP systems with the aim of
minimizing the average CRLB on position estimation. By
considering a finite set of possible orientation vectors for
each LED transmitter, we have utilized a convex relaxation
approach to develop a low-complexity algorithm. Numeri-
cal results have illustrated the effectiveness of the proposed
approach in various scenarios.

We have also proposed an algorithm for joint LED selection
and power and orientation adaptation to minimize the average
CRLB. By extending our approach to a finite set of possible
orientation vectors, we have added a power vector associ-
ated with the orientation vector for each LED transmitter.
We have proved that the same relaxation approach can be
used in this problem to obtain a new problem. Simulations
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have shown that joint optimization can be beneficial under
strict power constraints and increase performance signifi-
cantly compared to the case without power optimization,
depending on the maximum power limitation and system
settings.

An extension of this work can be performed by consider-
ing communication constraints in a multi-user VLC system.
Another direction for future work may include the incorpo-
ration of intelligent reflecting surface (IRS) components to
increase the positioning accuracy in both LOS and non-LOS
scenarios. It is also important to investigate the LED selection
and orientation (and power) adaptation problem when the
orientation vector of the VLC receiver is unknown and the
aim is to perform joint position and orientation estimation
for the VLC receiver. Finally, the proposed approaches for
LED selection and orientation and power adaptation can be
evaluated via experiments considering real application sce-
narios. In this way, the real-time capabilities of the proposed
approaches can be assessed, and suitable application scenarios
(such as indoor robotic applications with service robots or
warehouse/logistics robots) can be identified. In particular, the
speed of implementing the proposed algorithms as well as the
speed of orientation adjustment of LEDs (e.g., with the use of
MEMS micromirrors to tilt the beam) are critical parameters
for real-time applications.
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